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Introduction

The research carried out under this grant was in support of work

being done at the Air Force Weapons Laboratory to develop a continu-

ously operating laser system based on the transition in atomic iodine

I(5~ 
2P112) I(5~ 

2P312) 
+ hv(l.315 p.) (1)

The excitation mechansint is based on the near resonant energy exchange

between 02 (~~
) molecules and ground state iodine atoms

I + 02( A )  ~÷ 1* + 02(
3E) (2)

Molecular oxygen in the electronic state is produced chemically

or electrically and iodine is introduced into a continuously flowing

stream of excited oxygen, ultimately leading to the production of a

population inversion on the 1.315 p transition.

A model of the chemical and lasing kinetics of this system has

been developed at AFWL by Franklin and can be used to determine optimum

operating parameters and scaling information. Included in this model

are processes

I* + M ÷ I + M  (3)

which de-excite the upper state laser level as a result of collisions

with molecules M. It is important therefore , since (3) is in direct

_ _  
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competition with stimulated emission for the available energy, that

accurate information be available on the second order quenching rate

constants for the molecules M present in the system.

[hiring the early stages of this program a substantial amount of

instrumentation was developed to permit the observation of very high

speed photodecomposition kinetics following laser photolyses of mole-

cul ar iodine and related ccanpounds. This has been discussed in detail

in a Ph.D. thesis by D. H. Burde which formed the bulk of the report

on this Grant for the period September 1975-August 1976. The apparatus

was used to determine a number of the quenching rate constants required

above and more recently to examine their behaviour as a function of

temperature. These temperature studies represent the new work carried out

during the past grant period and have been described in a paper to be

submitted to the Journal of Chemical Physics. This paper is included

as a part of this present report.

Results and Publications

a) Quenching Rates

The quenching of I(2P112) atoms by various species has received

some previous attention in the literature. Our initial studies with

M = 12 indicated a second order quenching rate constant almost an

order of magnitude larger than the previously accepted value and

indicated measurements should also be carried out for other potential

quenchers in the iodine atom laser system in order to have reliable

data for model kinetic computations.

_ _
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Second order quenching rate con.st~nts at 295° K for deactivation

of 1* by 12, 02, H20, D20, H202, C02, N2, H2, HD and D2 have been

determined. For 12, 02, H2, HO and D2 measurements have been carried

out on the temperature dependence of the rate constants between 295°

K and 6000 K.

Publication of this work has appeared as follows:

D. H. Burde , R. A. M Farlane and J. R. Wiesenfeld, them.
Phys. Lett. 32 , 296 (1975).

0. H. Burde and R. A. McFarlane, J. them. Phys. 64,
1850 (1976) .

0. H. Burde and R. A. McFarlane-studies on temperature
dependence-submitted to J. them. Phys. and included
in this report.

D. H. Burde , Ph.D. Thesis , Cornell University, September
1976.

b) Collisional Release and Complex Photodecomposition Kinetics

By studying the pressure dependence of the appearance rate of

excited iodine atoms following short pulse laser photolysis of

molecular iodine below the dissociation limit, it has been possible

to demonstrate that excited atom production is consistent with the

process

12(B ~~~~~~ ) + M 1* (5 2P112) 
+ 1(5 2P312) + M

where M = 12 or N2. A kinetic model has been set up which shows that

the appearance rate of 1* from this process should be equal to Lhe

decay rate of the 12 B state fluorescence. Careful computer fitting

of the J.V. absorption data which represents 1* population does indeed 

.- - •-,~-~~~w•~ .•’
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indicate a production component of the correct form.

The laser induced decomposition of 12 is however more complex.

A second pathway for the production of excited iodine atoms was

found having a different rate from the ‘tCollisional Release” mechanism

above. The process also proceeds as a result of collisions but

involves an electronic state of 12 other than the B state . The

identity of this state has yet to be unambiguously established.

Efforts to determine that a two photon absorption process is

responsible leading to the excitation of an electronic state of 12
above the B state have been inconclusive and more measurements are

required. The electronic state is clearly a bound state, possibly

the state correlating with 
~

‘2 and ‘S ionic atom states. The

data obtained provide information on the quenching rate of this state

by both 12 and N2 molecules .

The significance of the observations is however that two photon

excitation mechanisms may indeed be adequately strong to provide

molecular excited state population of adequate species concentration

to be of value in kinetics observations . Previous two photon studies

have largely been directed at obtaining only spectroscopic information .

This work has been published as:

D. H. Burde and R. A. rvtFarlane, (hem. Phys. 16, 295 (1976).
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c) Lineshape Effects

The use of atomic absorption spectroscopy under conditions simi lar

to those in the present experiments can lead to the necessity of mod-

ifying the simple Beer-Lambert law of absorption by an empirical

constant y which must be determined by measurement over the range of

experimental parameters . A series of computations were made designed

to explore the validity of such a modification and to determine, if

possible , conditions under which it can be employed. It was found

in particular that for the measurements of iodine atom kinetics

reported here only a small modification of the Beer-Lambert law is

required and indeed our measured quenching rates (y corrected) have

been found to be in excellent agreement with subsequent observations

made using fluorescence techniques.

This work has been puslished as:

C. C. Ihivis and R. A. M Farlane , J.Q. S.R.T. 18, 151 (1977) .

~~~~~~ ~~~~~~~~~~~~ ~~-~~~
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Abstract of Objectives and Accomplishments

A new experimental technique has been developed to study gas

phase kinetics on a times cale more than two orders of magnitude

faster than previously possible. The kinetics of the collisional

production and deactivation of electronically excited iodine atoms ,

J*(2p
112),  were studied by selectively photolyzing molecular 12

with a short pulse (10 nsec) tunable dye laser. The excited atom

population as a function of time following each laser pulse was

detected by photoelectrically monitoring the absorption of atomic

iodine resonance radiation at 206. 2 nm. In this way, kinetic processes

on a tens-of-nanosecond timescale were observable.

The primary goal of the project was to obtain the collisional

quenching rates of I*(2P112) by several collision partners of interest

in pulsed and CW iodine laser systems. The nonradiative decay by

collisional quenching is an important loss mechanism in these lasers

and accurate quenching rates are required for computer modelling and

efficient laser design. A systematic study of the quenching rate of

1* as a function of added gas pressure was undertaken. By using a

relatively low energy photolysis pulse and employing signal averaging

to improve signal-to-noise ratios , many problems which complicated

earlier high-energy flash photolysis studies were eliminated. High

precision pressure measuring equipment and computer analysis of the

digitized . wavefonns permitted accurate determination of the second

order quenching rate constants at 295° K for deactivation of 1* by

12~ 02, H20, D20, H202, C02, N2, H2, HO, and D2~ Very significant
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differences in quenching efficiency were observed in isotopically

substituted species and a very high quenching efficiency was found

for 12 and also for 02, for which a near resonance E + E energy

transfer occurs with 1*. To further probe the physical processes.

causing the quenching, the temperature dependence of the quenching

rates for 12, 02, H2, HO, and 02 were determined. Results of the

temperature dependence studies supported the importance of resonant

E ÷ V energy transfer for deactivation by H2, HD, and 02. The

quenching rate was found to increase with temperature for both 12
and 02, with small activation energies for each.

The second major area of work involved the study of the

collisional production of excited atoms (1*) from bound electroni-

cally excited states of 12• Significant production of 1* was found

for excitation as much as 4. 5 kT below the dissociation limit of the

12 (B) state . Using the high speed photolysis system, the concentration

of 1* was seen to continue to rise for several hundred nanoseconds

after the laser pulse . By studying the detailed behavior of the

rising portion of the signal as a function of pressure, the collisional

production of 1* atoms f rom bound states of 12 was confirmed and a

kinetic model for this “collisional release” process was developed.

In addition , evidence of two photon absorption to a higher lying

bound electronic state was uncovered and collisional decomposition

from this state was also measured.

The high speed photolysis system developed in the course of this

work is extremely versatile and attractive for a variety of gas phase

kinetic studies. It provides selective excitation and selective

observation as well as excellent sensitivity and speed.

- - — - .— - .- - -- .- --—-—.
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Publications

“Studies of the 1~ activation of Electronical ly Excited Iodine Atoms,”

0. H. Burde , R. A. M Farlane, and J. R. Wiesenfeld , presented at the

Fourth Conference on Chemical and M lecular Lasers , Oz tober 21-2 3,

1974 , St. Louis, Missouri .

“Quantum Efficiencies for the Production of Electronically Excited

Iodine Atoms I (5p5 2P112) Following Laser Photolysis of 12 Near

soooR ,” 0. H. Burde , R. A. McFarlane , J. R. Wiesenfeld , Phys . Rev.

AlO , 1917 (1974) .

“Collisional Quenching of Excited Iodine Atoms I(5p5 2P112
) by ‘2”

D. H. Burde , R. A. McFarlane, and J. R. Wiesenfeld, Chem. Phys. Lett.

32, 296 (1975).

“Collisional Quenching of Excited Iodine Atoms,” 0. H. Burde , C. C.

Lkwis, and R. A. McFarlane, presented at the Second Summer Colloquium

on Electronic Transition Lasers , September 17-19, 1975, Woods Hole,

~thssachusetts.

“Collisional..,Quenching of Excited Iodine Atoms I (5p5 2P112) by

Selected ?b lecules,” D. H. Burde and R. A. McFarlane, J. (hem. Phys .

64 , 1850 (1976).
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“Observation of Collisional Release and Complex Photodeconiposition

Kinetics of Ivblecular Iodine ,” D. H. Burde and R. A. M Farlane,

presented at the Third Summer Colloquium on Electronic Transition

Lasers , September 7-10 , 1976 , Snowmass Village, Colorado .

‘Production of Electronically Excited Iodine Atoms I (5p5 2P112) by

Collisional Release in Molecular I2~” 0. H. Burde and R. A. M Farlane,

Chem. Phys. 16, 295 (1976).

“Lineshape Effects in Atomic Absorption Spectroscopy,” C. C. Davis

and R. A. McFarlane, J.Q.S.R.T. 18, 151 (1977).

“Temperature L~pendence of the Collisional l~activation of Excited

Iodine Atoms I(5p5 2P112),” D. H. Burde and R. A. McFarlane, submitted

to J. Chein. Phys. 
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D. H. Bur~e, R. A. McFarLane and J. R. Wiesenfeld, “Studies of the
Deactivation of Excited Iodine Atoms”, presented at the Fourth
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D. H. Burde, C. C. Davis and R. A. McFarlane, “Collisional Quenching
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LINESHAPE EFFECTS IN ATOMIC ABSORPTION SPECTROSCOPY

CHRISTOPHER C. D~vistt and Ross A. MCFARLANEI
Cornell Unroe rsoy. Ithaca, NY 14853, U.S.A.

(Received 13 February 1976)

Abstract—Deviations from Beer ’s Law caused by the relative lineshape functions of source and absorber in
atomic absorption experiments arc considered. The validity of using a modified form of the law
incorporating a correction factor ~ , which is particularly convenient in time-resolv ed atomic absorption
experimen ts, to account for these deviations , has been cri t ical ly exam ined for a wide range of saurce and
absorber Lineshapes using numerical evaluation of the transmission integrals involved. It is concluded that
there is. in general, no theoretical justification for the use of such a ~ factor , except in the case of large
source linew idthJabsorber linewidth ratios when the line broadening in the absorber.involves a significant
homogeneous (Lorentzian) contribution. The use of empiricall y determined y factors, much different from
unity to analyse experimental data, should be viewed with suspicion unless direct evidence is presented to
show that under the experimental conditions y happens to be constant or slowly varying. -

INTRODUCTION
THE ABSORPTION coefficient at frequency v of a spectra l tine with a normalized lineshape function
g(v) is’”

a(v) = (A02A2tg2)8irg,)(N1 — (gi/ g ,)N 2) g(v) , (I)

where the symbols have their usual significance. In a medium with such an absorbing line, the
intensity of radiation transmitted a distance s through the med,um , if saturation effects are
negligible, satisfies Beer’s law

I = I0exp(— o.s) , (2)

where I,, is the intensity of the radiation at $ =0. If g(v) is determined predominantly by
homogeneous broadening, it is given by the normalized Lorentzian lineshape function

= (2IIrAV N) ! { l + 12(v — vo)/A PN ]2}, (3) -~~

- 

where s’~ is the line centre frequency and APN is the full width at half n iaximum height -

(FWHM) of the line. When inhomogeneou s broadening predominates , g(v) is given by the
normalized Gaussiab lineshape function

= (2/~ vo)(ln 2/u’) ”2 exp {— [2(v — v0)/i~v0)2 In 2), (4)

~1’ where ~~v9 is the FWHM of the line. With both Lorentzian and Gaussian broadening, the
lineshape function is given by the normalized Voigt profi!e”~’

g~(v) = (2l~ vo)(ln 211r)u21
J ~~~~~~ ~

2dt~ (5)

where y = ~~VN In 2)”/~ v’~ and x = 2(v — v0)(ln 2) ”’/Av ~; 
~~~~~ 

and ~ v0 are the FWHM of the
Lorentzian and Gaussian contributions to the total lineshape.

The Voigt profile can be written in terms of the real part of the error function for comp lex
argument ~~W(z)°’ as

g,.(v) = (2Th.v~)(ln 2/ ur)”2~1W(z), (6)

tPresen( addrcss~ Electrical Engineering Department , University of Maryland . College Park, MI) 20742, U.S.A.
tSchool of Applied and Engineering Physics and Materials Science Center.
*School of Electrical Engineering, Materials Science Center and Laboratory of Plasm~i Studies.

Iii
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where z = x + iy. The function W(z) has been tabulated;’141 it is related to the plasma dispersion
function Z(z) tabulated by FRIED and CONT P’5’ by

W(z) = Z(z)Iiur ”2 . (7)

The absorption coefficient of a medium with a Voigt profile is then

a(v) = a,,~tW( z), (8)

where a0 is the same as the absorption coefficient at the centre of a Gaussian line and is given
by the expression

ao = _!... (ln 2)h/2A;
2~~4.~t(N — (gJg2)N 2J. (9)

In most situations encountered in atomic absorption spectroscopy, N2 4 N, and we may write
N , = N and

a0 koN, (10)

where

k — 
I (In 2\~

2 
2 g2A 2, .r

~~~~~~~~~ A,,—~---— . (11)

- 

It is clear fro m eqns- (8) and (9) that monochromatic absorption measurements at p yield
information about N, (provided N2 4 N )  and A 21, provided the lineshape function of the
absorber is known.

In practice , it is difficult to find an ideal monochromatic source. Tunable dye lasers can be
used , but care must be taken to ensure that their emission frequencies are stable. In some cases ,
the laser may be operated on the transition used in absorption (as in determinations of ground
state atomic iodine concentrations’61J. In general , however , atomic absorption experiments , are
performed with incoherent line sources involving the atoms studied in absorption.

If the total source intensity reaching the detection system , in the absence of absorbing
material , is 10, then the total detected emission in a small frequency range dv at frequency p is
10g,(v) dv , where g,(v) is the normalized source lineshape function; g,(v) includes all the effects
of line broadening and reabsorption within the source, as well as any convolution of the
spontaneous emission lineshape function of the source with the frequency transmission
function of optical elements between source and absorber.”7’

For a spatially uniform concentration of absorbing materia l of constant geometrical length ,
the observed intensity is

1 = 101 g,(v) e~~”~~dv’,

where a(v) = kNg(v) and k = A02 A 2,g2/8 urg , . Expanding the exponential in eqn (12), the
transmission becomes

T = 1 /I0 = l— aF +bF 2 / 2 ! — cF 3/ 3 !+ ~~~, (13)

where F = kNLu and u is the value of g(v) at the line centre . The coefficients a. b, c are A
given by the expressions

a = ~ 
J

g.(v)g(v)dv, b = -

~~ J g,(v)[g(v)J2 dv, c = 
~ L g,(v)1g~ )1’~~. . . .

_ _  _ _ _ _  
_________________________
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For small absorptions (F4 I) . eqn (13) gives

ln (1/ 1o) =_ ~~J 
g~(v) g ( v) d v . (14)

In this case, a graph of In (1~/ J )  vs F is linear and Beer’s law holds. However , when the total
absorption is not very small , eqn (13) shows that graphs of In (I J I )  vs F are no longe r linear.
The resultant “curves of growth” have received considerable attention.

Determination of the transmission of an absorber fro m the series expansion given in eqn
(13) is not practicable for F> I as the series converges slowly and it is better to evaluate the
integral in eqn (12) directly. Some results of this type have been given by PRUGGER ’°’ for sources
and absorbers having Lorentzian or Gaussian lineshapes. If the source and absorber lineshapes
are known , the coefficients a, b, c. . . can he determined. For small values of F, a function
containing the first few terms of eqn (13) can then be fitted to an experimentally determined
curve of T vs relative absorber concentration to determine F. This method has been used by
Moase and KAUFMAN ,~’°’ PARKES, KEYSER and KAUFMAN”” and KAUFMAN and PARKES”2’ by
assuming both source and absorber to have Doppler profiles , while BRAUN and CARIUNGTON”
have considered the effect which self-reversal of the source has on the transmission of a given
Doppler-broadened absorber. Alternatively, a “best fit ” to an experimentally determined curve
of transmission vs relative absorber concentration can be used to find empirical values for a, b,
c. . . , and hence F, without specific knowledge of source and absorber lineshapes ,~4 I~ although
a unique “best fit ” may be difficult to find. If this occurs , improved results can be obtained by
comparing observations made with different sources”5’ (which should have different lineshape
functions). These various techniques for taking into account source and absorber lineshape
effects in atomic absorption measurements have been compared by REMAND and CLYNE”6’ for a
few combinations of source and absorber lineshapes. Further distortion of transmission vs
relative absorber concentration curves occurs if the source and absorber lines are closely
spaced multi plets or have resolved hyperfine structure. However , this problem can generally be
dealt with by one of the listed methods of ana1ysis.”°’2 ’~ ’61

An empirical , modified version of Beer ’s Law has been proposed°8’ which accommodates the
effect of source and absorber lineshapes and is particularly convenient to use in time-resolved
atomic absorptio n measurements. This modified form of Beer ’s Law, which should be
compared with eqn (13), can be written as

T = 1/4 = e~~”, (15)

where y has been assumed independent of absorber concentration over the range of absorber
concentrations used in very many time-resolved atomic absorption experiments.”’~~3” In such
experiments , if the transient absorbing species decays exponentially, then F = F0 e ’~. Then , if
use of eqn (1 5) can be justified ,

ln l n ( 1/ T ) = y t/ r + y I n F 0, (1 6)

which allows determination of r from a graph of in in ( l I T )  vs t if y is known.
As is discussed briefly by BEMAND and CLYNE,”6’ it is difficult to justify the use of such a y

factor theoretically, as is evident by comparing eqn (13) and the series expansion of eqn (15),
viz.

- 
~~~~~~~~~~~~~~~~~~~~~~~~~ (17)

Only as y-. I and a, b, c— * l do eqns (13) and (17) become equivalent. However , the use of
such a y factor has been demonstrated to be empirically correct in several experiments from
the relatively good linearity of In In ( l I T )  vs In F plots. 21 24””

It is our purpose in this article to consider carefully when the use of such an empirical y
factor may be justified. To this end , we have numerically evaluated the integral in eqn (12) for a

—-- .—..- —-—-,-.----— -.
~~ — —



154 C. C. DAVIS and K. A. MCFARLANE

large number of source/absorber lineshape combinations over a wide range of absorption
coefficients. To test the validity of eqn (15), we have computed curves of In In (4/ 1) vs In F for each
source/absorber lineshape combination. By numerically differentiating these curves we have
thus determined an effective y as a function of absorption and have concluded that , in general ,
‘
~
‘ is not independent of absorber concentration. We will deal, in turn , with the results for each

of the combinations we have studied .

(i) Doppler-broadened source and absorber
In this case, from eqns (4) and (12) and writing i~ p ,  Avg, for the Doppler widths (FWHM) of

the source and absorber lineshapes , respectively,

iiio = f ~~~
— (~ -~)“ exp {—[2 (v — vo) /t tiv,)’ In 2}

x exp [— F exp (— 12(v — v0)z~v~J ’ In 2}J dv. (18)

Expanding the second exponential , this gives

1/10= I — F 1 [ ( ~&vj ,~v~)2 + i] ” + F2I2![2 (~vj Av,,)2 + i1”2 — F’/3![3(ttvjAp,)2+ l]h12 + . . . ,
(19)

where, for a Doppler-broadened absorber ,

I it ‘5\ U2 5 2A

F = kNLcr= —(-~-- )  _9~_2~~~NL. (20)4,r \ ur / ~~~ g,

However, we have evaluated the integral in eqn (18) numerically to determine the dependence
of T on absorber concentration. The integral was rewritte n in the form

1/Ia = 21 2(ln 2/ur)”2 exp [—4 (~ v)2 in 21 exp {— F exp [—4( w~~v)’ In 2]} d~ v, (2 1)

where w = tsv,Itsv. and (v — vo) IA~v, = ~v; computation was truncated 10 Iinewidths fro m the
line cent re.°2’

To determine curves of growth , the integral in eqn (21) was evaluated at uniformly spaced
values of in F between In F = —4 and In F = 4 for values of the source/absorber linewidth ratio
between 0.1 and 10. Some typical curves of growth obtained in this way are shown in Fig. I.
However , of more interest are the ’ curves shown in Fig. 2 and tabulated in Table 1, which
illustrate the dependence of the ~ factor on observed absorption.

It is clear that , when y deviates significantly from unity, it is not indepe ndent of absorption ,
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Fig. 2. ~i factor variation with observed absorption for a Doppler-broadened source and absorber.

Table I. ~ factor variation with observed transmittance for a Doppler-broadened source and absorber

On0
lSoIrnel 1.0 3.0 10.0

5v0 
lAb ,or b .r I

InF T T - ~ T 9 1’ ~
-3. 2 0. 9603 1.008 0 . 9 7 17  0 .997 0 .9871 0. 991 0.9 960 0 . 981,
-2 . 4 0 .9 1 3 7  1.000 0 .9380  0 .994  0 .9720 0. 979 0. 99 13 0 . 970
- 1 . 6  0 .0180  1.000 0 .8683 0. 987 0.9406 0. 954 0. 9 8 l 3  0 . 934

-0.8 0 . 6 3 9 5  1.000 0 . 7 3 3 7  0.970 0. 8785 0. 898 0. 9616 0 .803
0.0 0. 3697 1.000 0 . ’, 139 0 .920  0 . 7708 0. 738 0. 9279 0 . 7 1 0
0. 4 0. 02 64 I. 000 0. 3829 0. 3479 0. 7055 0. 682 5. 9060 0. 606

0 0 . 8 0. I091 1.000 0 . 2077 0 . 0 0 3  0. 6356 0. 56 5 0 . 88 33  0. 400

1. 2 0 . 0368 1.000 0 . 1773 0. 686 0. 5706 0 . 442 0. 86 IS  0. 376

1.4 0.0177 1.000 0. I t 9 8  0. 61 5  0.54 17 0. 398 0. 0516 0 . 127
1. 6 0. 0072 1.000 0.0907 0 , 942 0. 0 IS., 0. 3 4 1  0. 84 24 0. 207
I t O  0 . 0.124 1.000 0.0689 0. 479  0. 4920 0. 304 0 . 8 3 3 9  0 . 255

.3, 0 0. 0,40 ,, 1. 000 0 .05 2 8  0 . 419  0. 4706 0 . 274 0 .8000 0 . 130

2. 2 0. 0000 5.000 5 l ’I~.19 0. 375 0.451 ’ ) 0. 303 0 .8 )80  0. 210
2 .4 0.0000 I.000 0 . 0 3 1 8  0. 14 1) 0 . 4 3 2 9  0. 232 0 .81  1 0. 194
2 . 4. 0 .0000 1.000 0 . 0250 0. ‘ I I 0 . 4 161  0. 216 0 .0 050  0. 180
2 .8  0. 0000 0 . 95 9  0 .0  197 0. 2 4 0  0. 4003 0. 203 0. 7986 0. I ’ )
3 . 0 0. 0000 0.999 0.OISA 0. ,I71 0. 3354 0. 151 0. 7924 0. 199
3 . 0 (4 . 001))) 0. 999 0 . 1 ) 123 0. .‘S’i 0. 371 4  0 . 191  0.786 5 0 . ISO

invalidating the use of the modified Beer ’s law when a Doppler-broadened source and absorber
are used. Only for small values of w, (e.g. the 0.1 curve in Fig. 2) does the absorption follow
Beer’s law up to large absorptions with a value of y close to unity.

(i i) Doppler-broadened source and Lorentzian -broaden ed absorber
The transmission integral evaluated in this case was

1/4 = 2J 2 (In 2/ir) ’~ exp [— 4(o~w)’ In 2] exp f—F i t + 4(wt.tv) ’]’ ’}ttv, (22)

where w = Av,, (source)/o~wN (absorber). Some typical results from these computations are
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shown in Fig. 3 and Table 2. In this case , for large values of the source/absorber Iinewidth ratio,
y changes more slowly with absorption than with a Doppler-broadened absorber and becomes
approximately constant for large linewid th ratios and absorp lions.

( i t i )  l.~’rentz ~an-broadened source and absorber
The transmission integral to be evaluated in this case is

1/ 1o 2 f  .
~II +4( ~ v)7] ’ ’ exp {— F [ i  +4( w~ v)’J ’ ’Jd~ v, (23)

where w = 
~~~~~ (sou rce)/~ vN (absorbe r). This integral can be evaluated in series as

Jil l F 
÷

F’ (2 + w) F” ( 8+ 9 w + 3 w ’)
l + w  2! 2 ( l + w ) 2  3! 8 ( l + w ) ’

~ f~(l6+29w + 20w’+5w ’) F~(128 + 325w + 325w 2 + l75w’+35w)~4! ( l + w) 4  5! l2 8 ( l + w) ’  +~~~
•
~~ (24)

However , convergence of this series is poor for F > I making direct numerical evaluation of
eqn (23) desirable. Because a source with a Lorentzian lineshape has considerable energy in its
wings , the integral was truncated at 1000 linewidths from the line centre . Some typical results
from these computations are shown in Fig. 4 and Table 3. The trend towards a more slowly
changing y with absorption for large values of w is again evident. For large values of w, so
much of the emission intensity of the source lies outside the region where useful absorption
occurs , that large absorptions are not observed for the maximum values of F used in our
computations.

( iv) Lorentzian-broaden ed source and Doppler-broadened absorber
The transmission integral evaluated in this case was

I /J o = 2j  -~[l + 4(~ v)2] ’ exp {— Fexp [—4( w~~v) 2 In 2J} d~ v, (25)

where w = ~~~ (source)/A vo (absorber). Typical results from these computations are shown in

Table 2. ~ factor variation with observed transmittance for a Doppler-broadened ‘,ource and Loreo tz ian.broaden ed
absorber

2.’ ISo’.r’eI
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Fig. 4. 
~ 

factor variation w ith observed absorption for o [.ore ntzian-br oadened source and abso rber.

Table 3. ~ 
factor variation with observed transmittance for a Lorentzian.broadened source and absorber

~ lAb 0 

~~ 

:° : ~-2 . 4 0. ‘42 10 0. 10 I’ . ‘1~~’ , _’ I) . “7 0 . 1474) 0 0 . 9 1 ) 3  0 . ‘4920 0. ‘478
- I. ’. 0. 0 1 3 4  0. 994  0. ‘ ( 1 1 . 4  0. 4 7 3  0 . “ 5 24 .  0 , 9 9 9  0. 9026 0 . 4 0 1
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( . 2 11 .1171.7 1. s6 ’. 0. (4 1,0 II . 5 4(1 5.4 . 3 1 5  0 ,5 3 . 5  0. 0 4 3 2  0. 087
1. 4 0 , 0 5 3 1  11 . 5 1 )  0 . 9069 0 . 47’ l  0 , 5709 0 ,5 1’ .  0 . 1 ) 2 ) 3  0 . 559

3 . 6 0. 0314 1 0. 3, ) )  0 . !7.’ ( 0. 4.1 0 (( . 54 ! ) 0 .4 9 2  0 . 8046 0 . 010

I. I) 0. 52 2 0. 477 0 , .142’. 0. 17 I 0. SI’) ( I  0 . 44. 4 0. 7 1 ) 5 1  0. 5 3 4 ,
4 . 11 0. 02 ) ,  0 .2 0) 0. 2 3’ .S 0. 14)  0 . 47 1,0  0 , 4 ( 1  0. 74.47 0, 50 1
2. 1 0 .0.714 1, . 164 0. ( ‘ (4 5 (1. 1 1 5  0 , 4 4) 4 0 . 4 ( 1 1  0. 74 3 4  0. 400

2 , 4 0 .017 ’ ) 0 . (43  0 . 174’ ) 0. 2 1 .1 1 1 . 4 1 S 1  0. 1 l’7 0 . 7 2 1 3  0. 477
2 , 1. 0. 1)1 60 0 . 3 3 2  (1 . 3 5 7 5  0 . 27 1  0. 380 4 0 . 183 0.6979 0 . 4 4 . 7
2. )) 0 . 0 1 4 4  C . 325 0 . 14 20 (I, .1-7 (1. )S 71) (1, (1.7 0. 6 7 3 3 4  0 , 407

14. 0 0. 41 (2 )1  0 . 1 2 1  0. 121 ) 1  11 . 2 4 .  0. 4 3 0 8  0 . 194 0.6487 0. 4434
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Fig. 5. ~ factor variation with observed absorption for a Lorentzian-broadened source and Doppler-
broadened absorber.

Fig. 5 and Table 4. Once again in this case of a Doppler-broadened absorber, y is a steadily
changing function of absorption except when y is near unity. This further indicates the general
invalidity of the modified Beer ’s law for Doppler-broadened absorbers.

(v) Voigs -broadened source and absorber
The transmission integral evaluated in this case was

i” 2 “n2 ’ ”2
1iI~ J r— (~ ) ~~W(z)  exp [— F’~Q W(z’)(~3f W(j y ’) I dv, (26)
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T.tHe 4. y f ’)ctor 5’Oriati))n with observed transmflt,tni ’e f ’ r  .1 I.oreIItL(1IIl-hrojd000d Source and Doppler’broadcned
absorber

oSI)I401~~I
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I 1~~~~~~~~ 1
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2 .0 0 . 0 ) 5 7 0 . 1 2 )  0. 321.3) 0. 33 )0 0. 6511.1 0. 2 2 2  0 . 3 4 4 ) 2 7  0 . 2 4 3
2 . 2 0 . 0 ) 2 9  0.0’ .S 0 . 3 1 1 3  0 . 3 6 )  0 . 637 4  0. 2)1 1 0 . 8777  0 . 20 3
2 . 4 0. 0)08 0. 0 8 )  0, 30 3 7  0. 342 0. 9.23.2 0 . I ’) I 0. 3)7 10 0, 4 4 5
2 . 6 0, 5290 0 .07 5 0. 2914 0. 127 0. ’- 151 0. l ’ .o 0 , 9,.))~ , 5 ,

1. 1) 0. 02711 0. 068 0, 2011 0 . 1 3 5  0, 1,052 0 . (5 ’ . 0, 01,4 )  0. l o l
0 .0 0 . 02’ .Z 0 ,0 60 0, 2 7 4 1  0. I’7 s 0. 9954 . II. (4 4  0. 0 ,02 0 . IS I
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where L~SVD, is the FWHM of the Gaussian contribution to the source broadening. With AS H. as
the FWHM of the Lorentzian contribution to the source broadening. z is given by

z = x + iy , where x = 2(v — v0)(ln 2)”~/Av0 and y Av ,4~ (In 2) °2/Av p~
while , for the absorber , z’ = x’ + iy’, where x’ = 2(v — v0)(ln 2)”2JAvb, and y’ = AVN (lfl 2) ”2/Av ~ .
To allow compar ison of the results with those for Gaussian and Lorentzian-broadened sources ,
we use the Voigt profile normalized to unity at the line centre in the second exponential factor
in eqrt (26) . This ensures that this second exponentia l factor becomes e’~ at the line centre , as
before. To evaluate the real part of the error function for complex argument , we used the very
accurate algorithm descr ibed by REICHEL. 4234 ’ However , as pointed out by Reichel and confi rmed
by us, this algor ithm was generally unsuitable when either x 2 >49 or when simultaneously
x 2 < 49 and 1I 4 y 2 .c.~ I . For these values of x and y, we used the very satisfactory numerical
expressions for ~ W(z) given by Gautschi in Ref. (3). Alternative algorithms for ~ W(z)
descri bed by WHITING4

~ ’ and Hi~itsrAo°°3 were insufficient ly accurate and not markedly more
convenient to use.

Some typ ical results obtained from eqn (26) are shown in Fig. 6 and Table 5. The figure
shows the y-factor dependence on absorption for sources and absorbers with Lorentzian
width/Gaussian width ratios of unity. These curves illustrate the behaviour of sources and
absorbers with line shapes intermediate between those combinations considered previously in
(i)—(iv). Again , Fig. 6 illustrates the tendency of 

~‘ 
to change more slowly with absorption , for

large source JinewidthJabsorber Iinewidth ratios , when the absorber has a substantial degree of
Lorentzian character.
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Fig. 6. v factor varia1ion with observed absorption f or a Voigi-broadened source and absorber with equsi
Lorentzian and Gaussian widths.
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Table 5. ~ 
(actor var iation with observed transmittance for a Voigt-broadened source and absorber each with

Lorentzian width/Gaussian width I

0. 1 1, 0 

T 

3 .0  
.. 
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3.0 0. 0000 0. 663 0 , 076) 0. 2 ) 8  0. 2)4 3 9 0. 1141 0, 9,01.7 0 . 43)0
1, 2 0.0000 0. 691 0,061.2 0 . 24.4 0, 2667 0. 372 11. 1 .307 0. 457

(vi) Model one-dimensional single layer self-reversed Doppler-broadened source ~-1nd Doppler-
broadened absorber

Sources used in atomic absorption spectroscopy frequently have lineshapes modified by
reabsorption. A simple model of such a source is one where the source is extended in the
direction in which emission passes out to the absorber , is Doppler-broadened at a uni form
temperature and contains a uniform concentration of atoms in the lower level of the emitting
transition. It is assumed that radiation emitted towards the absorber , if reabsorbed , has
negligibly small probability of being reemitted in the direction of the absorber. A capillary
discharge source viewed axially as a source of ion-resonance trans itions could satisfy these
conditions.

Such a source can be viewed as a one-dimensional , uniform , single layer5 If the absorption
coefficient at frequency v within the source is a (v ),  its unreversed normalized lineshape
function is g(v) and its length is L, then its normalized self-reversed lineshape function is

g (p) =
U F i _ e ~~~~~i (27)

where the normalization factor o is given by the expression

1 u2D~ —I

~~= ( l_ e )[~~
(’ 

n!2 (f l ln 2) hbo } . (28)

Here D is the opt ical th ickness of the source which , for a Doppler-broadened , unreversed
source lineshape , is defined by

kNLg(v) = D exp {—[2(v — vo) /Avmj2 In 2}. (29)

For this type of source and a Doppler-broadened absorber , we hav e evaluated the transmission
integral

1/Jo = j C ~~~~~~ (1 — exp [ — D  exp {— f2(v — vo) /Ar ’.J 2  In 2}]}

x exp [ — F e x p (— ( 2 ( v —  vo) IAPN) 2 In 2}I di’ (30)

for a wide range of values of F, D and source linewidth/absorber linewidth ratios. Some typical
results fro m these computations are given in Tables 6 and 7. Once again in these cases, where
the absorber is Doppler-broadened , except for y — I , ‘y is not a slowly varying function of
absorption , invalidating use of the modified Beer’s law in this case.
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Table 6. y factor variat ion with observed transmittance for a model one-dimensional single layer self-reversed
Doppler-broadened source (ILSRS) with optical thickness D I and a Doppler-broadened absorber
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Table 7. ~ (actor variation with observed transmittance for a ILSRS with optical thickness D tOjnd

Doppler-broadened absorber
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(vii) Model one-dimensional single layer self-reversed Doppler-broadened source and Lorent-
zian -broadened absorber

Here we have used the same source lineshape function as in (vi) and evaluated the
transmission integral

1/Is i: (I ~~~~~~~~~~~~~~~~~ 

—exp [—De xp {—[ 2/ (v  — v0)/Av,,j2 In 2)))

exp E—F { l + [2/(i’ — vo)/APN.)2} ’j di’. (31)

Some typical results are given in Tables 8 and 9. There is again a tendency for y to vary slowly
with absorption for la rge values of the linewidth ratio , for this absorber with a Lorentzian
lineshape.

(viii) Model one-dimensional three-layer self-reversed Doppler-broadened sources and Doppler-
broadened absorbers

The one-dimensional , one-layer , model of a self-reversed source just discussed is inadequate
to descri be most neutral resonance line sources used in atomic absorption spectroscopy. BR.AUN
and CAaalNoToi~~

33 have proposed an improved two-layer model of a one-dimensional
self -reversed source which is a better approximation to reality. They treat the sousce as
consisting of 2 layers, an emitting layer and a reversing layer, each Doppler-broadened at
different temperatures, extended in the direction of emission. As before, a photon emitted
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Table & 
~ 

factor variation with observed tran4mittancc for a I LSRS with optical thkkness fl ‘~ I and
Lorentiu.ln.bro,IdelIed absorber
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Table 9. 1 factor variation with observed transmittance for a ILSRS with optical thickness V = 10 and
Lorentzian-broadened absorber
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towards the absorption cell , if reabsorbed , is assumed to have negligibly small probability of
once more being emitted in this direct ion. The frequency dependence of such a model is

g 2 (v) ex (I  — exp [— D 1 exp {—(2(v  — v0) / t~v~ ] 2 In 2))) exp [—D 2 exp {— 12(v vo)/i~v,,~12 In 2)],
(32)

where D 1 and D2 are the optical thicknesses of the two layers and ~~~ and Av0, are their
respective Doppler widths . An example of such a lineshape is shown in Fig. 7 at l,~, which is
appropr iate for D1 = = I and (~v~,jAv,~)2 = 1.5. We have extended this model to include a
third layer , which we call the absorbing layer , which further reverses the source lineshape , and
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Fig. 7. Development of one-dimensional, three-layer, self-reversed Doppler-broadened source line-shape
(3LSRS). The opt ical thickness , temperature and unreversed Doppler FWHM of each layer are 0 , T,,
~~ ‘,,,; 02, 7’2, dv,,,; D~, T,, ~~~ respectively. The Ilgure is appropriate to D : D, : = I: I: I and

T, :T3 :T, 15:20:3.

gives lineshapes which resemble experimentally observed self-reversed lineshapes well. This
model gives lineshapes

g 3 (v) = ~{l — exp E—D exp {—[2(v — v ) /1sv ) 2 In 2)])
x {l — exp [—D 2 exp {—[2(v — ,‘o) I~

v,,j2 In 2)]) exp [—D 3 exp {—[ 2(v — vo)/~ vmj 2 In 2}J, (33)

where fi is a normalization factor. An example of such a line shape is shown in Fig. 7 at Jo.
Physically, the three layers in such a model correspond to the hot emitting region of a
resonance lamp, the hot layer of non-emitting gas between this emitting region and the lamp
window , and the cooler layer of absorbing gas in contac t with the window.

Using the above model , we have evaluated the transmission integral

1/10 = J g 3 (v) exp (—F exp [—F exp {—[2(v — i’o) /t~v~,j 2 In 2)]) dv (34)

for a variety of self-reversed sources with different parameter ratios D 1 : D2 : D3 and T1: 7’3: T3 for
a wide range of values of F and the fundamental source/absorber Iinewidth ratio Avo,/Avo..
These self-reversed source lineshapes ranged from small self-reversal (D1 = 0.1, D2 0.1, D3 = I;
T1:T2 :T, = 15:l0:3) to extreme self-reversal (D, = 100, D2 = I ,D3 = 100; T1 : T2: T, = 15:10:3).
Results showing the variation of ~ with absorption are given in Fig. 8 and Tables 11—14. In no

I c 
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Observed Abiorp w, tpercen()

Fig. 8. ~ factor variation with observed absorption for 3LSRS (0, :D~: D, = I 1 : 1;  T,: T,: T3 = 15 :10:3)

and Doppler-broadened absorber.
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Table 10. ‘y fact o r variat ion with obser ved transmittance for a model one-d~meno ional three-layer self -reversed
Doppler-broadened SOU rOC (3LSRS) with D , : D2 : D1 = 0.1:0.1:1 and T, : I’s : T, 30: 10:3 and a Doppler-broadened

absorber
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Table II. ~ factor var iation with observed transmittance for a 3LSRS (D, :D 2 :D , = I :  1:1;  T1 : T3 : T1 = 15:10:3)
and Doppler-broadened absorber
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Table 12. 
~ factor variation with observed transmittance for a 3LSRS (D , : D~: 1) 3 = 1:1:1; T, : T2: T3 = 30:10:3)

and Doppler-broadened absorber
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T~h!e 13. 
~
‘ factor sariat los with observed tran Smittance for a 31.SRS (D , :D 2 :D, = 10 :1: III; T, : T5 : T, ‘- ‘ l~ : 10:3)

and Doppler- broadened absorber
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Table 14. ~ factor variation with observed transmittance for a 3LSRS (1)4 :02 : D3 = 100:1:100; T :  T2 : T, =
15:10:3) and Doppler-broadened absorber
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case does y approach a nearly constant value over any significant range of absorption , except
when t~v~ / tsvo~ 41 and y — ~ 1. This once again shows the invalid nature of the modified Beer ’s
law for y factors < I when the absorber is Doppler-broadened.

(ix) Model one-dimensional three-layer self-reversed Doppler-broadened sources and Lorent-
zian -broadened absorbers

Using the same self-reversed Iineshape function as in Section (viii), we have evaluated the
transmission integral

1/ 10 = g3(v) exp [ — F ( I  + [2(v — vo)/~~vN.]2}~~ ] dv (35)

for a variet y of source parameter ratios D1 : D2: D3 and T1 : T2: T3 and a wide range of F and the
f undamental source/absorber linewidth ratio 

~~~~~~~~~~~~~ 
Typ ical results are given in Fig. 9 and

Tables 15—19. These results show that y is a more slowly varying funct ion of absorption than is the
case for Doppler-broadened absorbers. Furthermore , for large values of the linewidth ratio
Av,,,Itsp N., y approaches a fairly constant value over a wide range of absorptions. A number of
the curves tabulated in Tables 15— 19 could not be extended to large values of absorptio n for the
range of values of F used. This occurs particular ly for heavil y self-reversed sources and
absorbers whe n the ratio ~~~~~ is large; in these cases, almost all the emission from the
source lies outside the region of significant absorption.
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Fig. 9, y factor variation with observed absorption for 3LSRS (D4 : D2: D5 = 1:1:1; T,: T2 : 7, = 15 :10 :3)
- and Lorentzian-broadened absorber.

Table 15. ~ factor variation with observed transmittance for a 3LSRS (D, : D2 : D~) = 0.1 :0.1:  I; T,: T2 : T, =
30:10:3) and Lorentzian.br adened absorber
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(x) Mode! one-dim ensional three-layer self-reversed Doppler-broadened source and Voigt-
broadened absorber

The transmission integral we have evaluated in this case is

1/J o = j  g3(v) exp [— FPI! W(z’)M W(iy ’)] dv. (36)

Results from these computations ~or a Voigt-b roadened absorber whose Lorentzian
width/Gaussian width ratio was unity are given in Table 20. Again , for large source/absorber
linewidth ratios , y becomes nearly constant or slowl y varying for this absorber , which has a
substantial degree of Lorentzian broadening. It seems to be a general result that , for Lorentzian
absorbe rs and large source/absorber Iinewidth ratios , y may become nearl y constant or at least
mere slowly varying than for other types of absorption lineshape.

DISCUSSION A N D  C O N C L U S I O N S

Figures 1—9 and Tables l—20t represent a comprehensive survey of the various types of
source/absorber lineshape combinations likely to be encountered in time-resolved atomic

tGraphkal presentation of all the ~ factor lobserved absorption curses tabulated in Tables 1—20 and the curves of growth
from which they were derised are availibk.’’2’
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Table 16. y factor variation with observed transmittance for a 3LSRS (D, : D,: 0,”' 1 :1 :1 ;  T,: 7,: 7, 15:10: ~)and I a,rentzij n.broadened absorber
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Table Ii. ‘y factor variat ion with observed transmittance for a 3LSRS (D,: 0,: 0, = I: 1:1; T,: T2 : T, = 30: 10:3)
and Lorentzian’hroadened absorber
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absorpt ion experiments. Typically, in such experiments very reliable information about the
source and absorber lineshapes is not available. The experimenta list may know whether the
absorber lineshape is predominantly Gaussian or Lorentzian or whether the source is strongl y
self-reversed or not , and perhaps have an approximate idea of the source/absorber linewidth ratio
involved. When only limited lineshape information is available , it is not profitable to perform
exact calculations but the ‘y factor/observed absorption results given in Figs. 1—9 and Tables 1—20
may be scann ed to find a source/absorber combination which approximates a given experimental
situation. This procedure should allow the experimentalist to determine whether y is constant or
sufficiently slowly varying, for the modified Beer’s law to be used.

Line -broadening in the absorber is the most important factor determinin g the behaviour of~’
and not the occurrence of self-reversal in the source. Except for source linewidths which are
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Table 18. ~
, factor variation with observed transmittance for a 3LSRS(D :D,:D,= 10: 1:10; T, :T,: T, ”’ 15: 10:3)

and Lorentz ian-hroadened absorber
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Table 19. ‘y factorvariationw ith observed transmittance fora 3LSRS(D, :1),: 0, 100 : 1:100 ; T,: T,: T, = 15:10:3)
and Lorentz ian-broadene~J absorber
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Table 20. y factor variation with observed transmittance for a 3LSRS (D, : D,: D, = I: I : I ;  7’, : T,: T, = IS: 10:3)

and Voigt-broadened absorber with Lorentzian width/Gauss ian width =
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significantly narrower than the absorber Iinewidth (when ‘I’ approaches unity), Doppler-
broadened absorbers never exhibit y factors which are sufficiently slowly varying for the
modified Beer’s law to be used. Substantial line-wing absorption appears to he essential for y to
become slowly varying or nearly constant. With absorbers which are Lorentzian-broadened , or
Voigt-broadened with significant Lorentzian character , ‘y sometimes becomes relatively slowly
varying for linewid(h ratios — 3 and nearly constant for linewidth ratios — 10. Linewidth ratios
as large as the latter are very unlikely to be encountered in practice. We conclude that , even

~ 
, ,,~~~ •,~•. 
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with a I.orent zia n or Voigt -broadened absorber , y factors greatly different from uni ty  and
5119wlv var y ing with absorpt ion should not occur. It must he admitted that many real
exl’criII(eIIt:Il situations are more complex than the source/absorber models we have used and
other factor s not considered in our models may contrive to make y a slowly vary ing factor
u nder some conditions. However , in general , we feel that data obtained in time-resolved atomic
absorption experiments analy7ed with ‘y factors greatly different from unity, say < 0.9, should
he viewed with suspicion unless data demonstrating that In In (1 4J 1) vs In (absorber
concentration ) plots are linear throughout the range of absorber concentrations used in the
analy si s . are presented. Once y is recognized as a varying function of absorption , attention can
then he paid to whether an average value of y, appropriate to the range of absorptions observed
in the experiment , should he used to give more accurate results than would be obtained by
assuming that y = I . For example , in Fig. 3, wh ich treats a Doppler -broadened source and
Lorentzian absorber , for observations made between 0 and 40% absorption , with a
source/absorber linewidth ratio = 3, y varies from I to 0.78. It would probably be more reliable
in such a situation to use an average value of •y, 0.89 and treat this as constant , rather than
neglect ‘y entirely and use y = 1.

It should be noted that inaccuracies introduced because y is not constant and not equal to
unity are not in general increased by using self-reversed sources. Consequently, in atomic
absorption experiments it is better to try and make the source/absorber linewidth less than
unity rather than expend effort in avoiding self-reversal in the source.

One further complication in time-resolved atomic absorption experiments is that the
lineshape of the absorber may in theory itself be time-dependent , iJthough hopefully this should
not happen in practice , particularl y when the absorber is present in a large excess of diluent. If
this line shape were to vary, its time-dependence would probably be unknown and any attempt
at reliable analysis of the data would be impossible. Indeed , one could conceive of a situation
where the time-dependence of the absorber lineshape were such as to produce observed
absorptions apparently satisfying eqn ( 16), with a constant ‘y, but in fact yielding totally
erroneous values of r. It would therefore appear important to ascertain that the absorber
lineshape is not time-dependent through being a function of absorber concentration. Without
this possible complication , in measurements of the decay rate of transient absorbers where the
modified Beet ’s law is not approximately correct , it follows from eqn ( 13) after writing
F=  ac’” that

T = I — aF 0e °’ + 
bF01e 2” cFo3e 33

~+ ~~~~ (37)

if measurements are made for small values of F, direct numerical fitting of a function containing
a few terms of eqn (37) should yield accurate values for ‘r, without using an unreal y factor to
analyze the data as in eqn (16).
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A P P E N D I X
For the sourcefabsorber models we have considered, it has been assumed that the absorber concentration is uniform

along the absorption path, and further, that all rays from the source which eventually reach the detection system travel
along paths of the same length through the absorber. Under these conditions, the following relationship holds:

1 / 4 = 1  —aF +~~ - —  
~~~~~

+‘ . ‘, (38)

where F = kNI.o’, and a. b, c. . .  are constants determined by the lineshapes of source and absorber. We can show that a
similar relation still holds even if the absorber concentration is spatially non-uniform and the detection system receives
rays which have travelled along paths of different length through the absorbing material. We will, however , assume that all
these rays do come from regions of the source which have the same lineshape.

Under these conditions, penc ils of radiation labelled i travr l from different areas of the source along various optical
paths throu5h the abss.srbet to the d~tecSion s5stens . For each pcncit i . assssmed So consi’t of a fine bundle of parallel rays
travelling along the same path from source to absorber, t he absorption coefficient esperienced at some point z, along its
path is

o ,(v . z,) kN , (z , )g ( v) ,  (39)

where N,(z ) is the concentration of absorbers at point :,. & is a constant and g(i’) is the lineshape function of the absorber
(assumed to be independent of position within the absorber).

It the intensity of the ith pencil at frequency v i~ I, (P.ZJ, t hen

— l d!(i.,z )
(40)

which, in v iew of eqn (39). gives

I,(v .zj = 104g, (p) e , s p [— J kV.(r.)~(P)d:.]. (41)

where the integral is taken along the path of the ith pencil. 1.,. 6 is the initial total intensity in the pencil as it enters the
absorber and g.(~ ) is the source lineshape. For many such pencils .

~~ 1,1.’, z,l g, (v) ~~ I,, exp [— j ’ LN,(z ,)g (v) dz .} (47)

and the total observed intensity is

~ f I,,,~, ( v)es p ~
- j A N .(:J~(v )dz .}. (43)

We can write j N~l:,~d:, = AN , I,. w here .‘~, is the average value of N, over absorption path i of length I,. Thus .

I 
~~ 

f Io,e.( v ) { I  - k?~. !,gl.’t ’ ~~ (g(p)l’ ’ . .  .} dv. (44)

(4 %)

where lO is the total intensity of t he radiation in the absence of absorbers and

— 
~
-
~~
- 

~~~~~~~ — ‘ - ,~~~
- .- ‘

~~~~
‘ .

~
- - —- ~~~~~~~~~~~ - ‘,~ ~~~~~~~~~~ ~~~~“l”



170 C. C. DAVIS and R. A. McFARLANE

a’ = j’ g,(.’)g(v)dv. b = f g.(v)fg(v)J’dv,...

We can v~r’.te the intens it5 of the ith pencil as 1~, P, lo, w here p is a Factor determined by the geometry 2f the experiment.
Similarly, for the as erase concentr ation of absorbers along the path of the ith pencil we wr ite N, ‘ q,N. where N is the
total average concentration of absorbers and q, is another geometrical factor. The length of the ith pencil we write as I = r,L,
where I. is the length of the absorption cell. Thus. eqn (45) becomes

1/1~ I — a’k &L ~~ p,q,r, + b’Ik 1~Ll’. 
~~ 

p,q,’.r,’ “‘, (46)

(47)

where F = k!~L~i, a result similar to eqn (38) but where the new Constants A, B, C,... are determined by geometricai
factors as well as b) the line-shape functions of source and absorber. i.e.

A = ~ -~~ p,q,r,. B=.~~~~p,q,’r,’ 

If we do not assume that radiat ion coming from all parts of the source has the same hine.shape. then eqn (44) becomes

(48)

where g,,( v)  is the line-shape function of the source emission which constitutes the ith pencil. Thus,

~~~~~~~~~~~~~~~~~~~~~~~~~~~~ (49)

where a =j  g.,(v )g(v) d v . b : =j  g,,(v) (g(v ) J ~d v . .  and

1/I.. =l— A F+ç .-~~~~~
+. . ., (50)

where A = .!. ~ a p,qr,. B = ~~~ bp ~q,2 r,2 .. . . If all pencils have the same intensity, that is if the source has uniform
radiance , then p, = I / n  where n is the total number of pencils altogether. Further , if all pat hs through the absorber contain
the same uniform concentration of absorbers , then q = I and, if all paths are the same length, ,~ = I. Even ii the line-shape
(sioctioc’. of she ‘absOTbeTs is not indepe ndent of position, which is an extremely unlikely occurrence, an equation of the
form of eqn (50) still holds but simp le analytic expressions for the value of the constants A , B. C,... in terms of geometric
factors and line-shape funct ions do not ex ist.

- .•=
~~ %~~~~~ 
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Abs tract

Thb collisional deactivation of excited iodine atoms I(5~ 
2P1,2)

by 12, 02, 1’L2~ 
HD, and D2 has been studied as a function of temper-

ature from 295° k to 600° k. The decay of the excited iodine at~u

concentration following dye laser photolysis of molecular 12 was

detected by time-resolved atomic absorption (295° k) and by time-

resolved atomic fluorescence at 1.315 pm. The advantages and disad-

vantages of the two techniques are considered and the experimental

results are compared to an. earlier study. Very substantial discrep-

ancies in the temperature dependence of quenching by molecular 12

are observed when the present results are compared with previous

measurements.

,, . ,,
~ 
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I. Introduction

The collisional deactivation of electronically excited iodine

atoms I*(5~ 
2P112) has been the subjec t of many experimental1

~
3

and tlieoretical4”6 investigations. The majority of the experimental

work has employed the technique of time-resolved atomic absorption

to monitor the 1* concentration. These studies have generally

employed high energy flashlamps to flash photolyze ‘2 or iodine

Compounds to produce 1* atoms. In a new technique developed in this

laboratory , a tunable dye laser was used instead of a broadband

flashlamp systeni7 to selectively photolyze ‘2~ 
Combined with time-

resolved absorption, the excited atom concentration could be monitored

on a very much shorter timescale than was previously possible .

The excellent time response and sensitivity of the system were utilized

to investigate the collisional production of 1* atom from excited ‘2
molecules7’8 and to measure the quenching rate of 1* by several gases

at room temperature. ‘a

The present paper reports the rates of quenching of 1* atoms by

‘2’ 02, H2, 1W, and D2 over a wide temperature range. The quenching

rates were first determined at room temperature using time-resolved

absorption. Then, the quenching rates were determined between room

temperature and 300° C using time-resolved fluorescence- from 1* atoms

at 1.315 p. The advantages and disadvantages of the two techniques

are considered. The validity of the modified Beer-Lambert law used

extensively in analysis of time-resolved absorption experiments is

discussed in detail. Finally, the experimental results are compared
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to an earlier study1 ~ of the tempe rature dependence of [* quenching

which employed the absorption technique exclusively. Very substantial

discrepancies are observed in the case of quenching by molecular

iodine.

II. Time-Resolved Atomic Absorption: Room Temperature Data

A. Relation Between Observed Absorption Signals and Absorber
Concentration

In absorption experiments , the observed absorption signal must

be related to the absorber concentration in order to extract useful

kinetic data. In general, the relation between absorption and

absorber concentration is complicated and approximations are usually

made. In particular, the modified Beer-Lambert law ‘tr= I0exp [- (eNQ~)
1]

describing the light intensity transmitted through an absorbing sample

has appeared extensively in the literature in the analysis of time-

resolved absorption experiments. There has been some confusion as to

the limits of validity of this approximation and the physical meaning

of “y factorst ’ . This section will discuss these considerations.

Let I (v R~ 
be the intensity of a monochromatic wave of frequency

V R propagating in a homogeneous medium. Let N2 denote the concentration

of species in the upper state of the transition involved and N1 denote

the concentration of species in the lower state. As the wave propa-

gates, the variation in the intensity due to induced transition is

given by12~~
4

dI(vR z) g2 c2A21
dz = - { [ N1 

~~~

— - N2 8irv~ 
g (vR) } ~ ~~R’ z) (1)
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where g(v) = the nonnalized absorption lineshape function for the

transition. Therefore , the intensity varies with distance as

I(V R, Z) = ‘~~~R’°~ ~~~~~~~~~~ (2)

For most experiments employing absorption techniques, N2 << N1 g2/g1
and therefore

c2A21g2
= 2 — g(v~ )N (3)

8TIV
R 

g1

where N N1. The atomic (or molecular) absorption coefficient at

frequency “R is given by

c(vR) 
= 6L g(v R) (4)

c2A21g2where cL 2 • (5)
8nv0 g1

Here R has been (very closely) approximated by v~, the line center

transition frequency because only for values of y R very close to v0
is g(~~) non-zero .

Finally, the intensity after path length 9~ is

= I(v R,0)e
_ C

R~~
Z . (6)

This is the Beer-Lambert law for a monochromatic wave. The absorber

concentration N may , of course , be a function of time. 

.
~~ 

~~~~~ -, ,••~~•,
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In general , the radiati.on entering the absorbing medium (as

from a resonance lamp) is not monochromatic but rather has a finite

bandwidth which can be described by a normalized lineshape function

p(u) . In this case , an integration over frequen cy is necessary and

gives

= 
“°

~L 

p (v) e~ CLN~B(V) d v  (7)

Therefore , unless the absorption lineshape function g(v) is constant

over the range of frequencies in the emission line , a simple Beer-

Lambert law will not accurately describe the intensity variation.

Usually, the detailed lineshapes g(v) and p (v) are not known and

may he very complicated. l~~at is needed is a relation which is

analytically tractable and approximate ly correct over a l imi ted range

of absorption . A modified Beer-Lambert law of the forttt

= 1(o) e ~ (8)

15 , -has been proposed. In this relation, 1tr is the light intensity

transmitted through an absorption cell of length 2.. and 1(o) is the

intensity of the transmitted light when N = 0. y is an empirical

parame ter , y < 1, which must be determined experimentally. For a y

factor of 1, this law reduces to the simple Beer-Lambert law. How-

ever , y values much less than 1 indicate a significant deviation from

the simple law . In that case , this approximate law will generally

only be useful over a limited range of absorption . It should be
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noted here that , unfortunately, in much of the earlier work this law

was wri t ten as ‘tr 
= I(o)exp [-~(N2.)

1], resulting in units of (N2~~
1

for c. To be correct dimensionally, Eqn. (8) must be used. In

either case , the kinetic analysis of the experimental results depends

only on the fact that the concentration N appears to the power y.

There fore , both forms yield the same results.

The utility of the modified Beer-Lambert law for time dependent

kinetic studies is immediately obvious by observing that ln[I(o)/ I(t) ] =

(cN(t) 9..)~
’ = const x (N(t) )~

’. As the overwhelming majori ty of the time—

resolved experiments involve monitoring a simple exponential decay

of the absorber concentration, N(t) = N(0~ ) exp (-kt) , the observed

time dependence is therefore described by (N(t))1 a exp (-kyt) , again

a simple exponential decay but with an observed decay rate of koBS 
= k,.

Thus, use of an approximate law of this form simplifies analysis of

kinetic data.

The validity of this modified Beer-Lambert law has been studied

in detail)6 Transmission integrals for a variety of emission and

absorption lineshapes were numerically integrated and y values were

determined as a function of percen t absorp tion. As expected , y values

were not strictly constant over a wide range of absorp tions . I bweve r ,

for absorptions of less that 15%, y values in the range 0.8 to 1.0

gave good approximations to the theoretical calculations for a wide

variety of lineshapes . The calculations show that as absorption

0 , y -‘- 1 regardless of lineshapes .

A gamma factor can be found experimentally where absorbe rs are

produced by a photolysis pulse at t = 0 by plotting ln{ln[I tr (t=0)/ I tr (t=0 +)}}
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versus ln N(t = 0÷ ) .  This yields a straight line of slope y if

this modified law is valid. A curvature in the plot would indicate

that y is not a constant over that particular range of absorptions.

For many experimental conditions, y has been found to remain nearly

constant over a reasonable range of absorptions and this modified

Beer-Lambert law has proved to be a useful approximation.

For the experimental arrangement used in the present study,

y was found to be 0.89 ± 0.07 for absorptions of up to l5%.~ This

is in good agreement with the theoretical calculations and only a

minor correction to the simple Beer-Lainbert law is necessary. This is

one significant advantage of the present experiment which involved only

small absorptions over earlier studies in which absorptions greater

than 50% were typical . For small absorptions, the eff ects of complex

li.neshapes are minimized , “y factors ” are close to 1, and the simple

Beer-Laiiibert law is nearly correct. Although the signal-to-noise

ratio is relatively poor for a single shot , the signal averaging tech-

nique very effectively improves this to acceptable levels. Computer

fits utilizing a few hundred points per average absorption trace can

give decay rates accurate to a few percent.

B. Experimental

A block diagram of the experimental apparatus is shown in Figure

1. A nitrogen laser was used to pump a dye laser . The nitrogen laser

produced a 10 nsec , 2 mJ pulses at 337 . lnm at a repetition rate of

approximately 20 lIz . The dye laser produced 8 nsec pulses of 50-150

pJ with a bandwidth of roughly 0.1 A , tunable from 470.0 nm to 525.0 nm
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using 4 -methylumbelliferone dye in an acidic methanol solution.

The dye laser pulses (or the N 2 laser pulses , in experiments with

n - C3F71) were admitted to an externally mirrored cell and underwent

a multiple bounce path down the cell. Atomic iodine resonance

radiation produced by a microwave powered iodine lamp passed through

the cell and into a McPherson Model 225 vacuum ultraviolet mono-

chromator which was used to isolate the 206.2 nm line corresponding

to the transition I (6s 2P312) ÷ I (5p 5 2P112). Absorption at this

wavelength permitted the observation of the excited atom J*(5p5 2P112)

concentration as a function of time following each laser pulse. The

absorption signal was monitored by a Hamamatsu type R1O6UH photomultiplier

tube and was digitized by a Biomation Model 8100 transient recorder.

Following each laser pulse , the wavefonn was digitally transferred to

a Northern Scientific Model 575 signal averager. The time constant

of the detection system was measured to be 20 nsec. Due to the

relatively weak absorption and low single shot signal-to-noise ratio ,

typically ~~ absorption traces were signal averaged. The data was

the transferred to magnetic tape using a Texas Instruments Model

733ASR electroni c data terminal. The data was then read into an

IBM 370 computer and analyzed using non-linear least squares fitting

routines.12

Pressure measurements of the gases in the absorption cell were

made by two gauges attached directly to the cell. A very high precision

capacitance manometer (MKS Baratron Type 305AH-l0) was used to measure

pressures up to 10 torr with a sensitivity of l0~~ torr . In addition,

a monel bourdon tube type pressure sensor (Robinson-Halpern Model 144A)
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was used to measure pressures up to 760 torr. The absorption cell

was attached to a grease-free gas handling system evacuable to io.6

torr.

Research grade 02, H2 (Linde), lID (Merck, Sharp , and Duhme) ,

and D2 (Air Products) were used directly. Individual batch analyses

showed negligible impurity levels. Baker reagent grade 12 was

distilled onto P205 to remove water vapor and then fractionally distilled

into the absorption cell. The n - C3F71 (PCR) was fractionally distil-

led twice from dry ice-methanol baths to remove impurities.

C. Room Temperature Data arid Results

The rate of decay of excited iodine atoms following the photo-

lyzing flash is given by

d[I*]/dt = - (A 
~ 

+ kD + E k~[Q]) [1*] _k[I*]. (9)ni

The contribution to the overall decay by spontaneous emission, ~~~
and diffusion, k1), were negligible. Under these conditions,

d[I*}/dt = -(
~~ 

k [Q]) [1*] = _k[I*] (10)
Q Q

which upon integration yields

[I*(t)J = [I*(o) ] exp(-kt) (11) 

...4_,t.w.
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where the photolyzing flash occurs at t = 0. The terms of the form

k
Q 

[Q} represent quenching due to collisions between an excited iodine

atom and a molecule of species Q.

The modified Beer-Lambert law Itr (t) = 1(o) exp[-( cN( t)2.)1]

was used in the analysis where N(t) = [I*(t)] and y = 0.89. For the

small absorptions observed (< 10%), the exponential term may be accu-

rately approximated by expanding in a Taylor ’s series keeping only

first order terms to give

Itr(t) = 1(o) { 1 - (c2..)~ [I*(t)J
Y} or (12)

/

Itr (t) = 1 (o) - const x [I*( t)]Y (13)

where [I*(t)] = [I*(o)] exp(-kt) (Eqn. 11). The observed decay rate

is therefore kOBS = yk and k = kOBS/’y . For each experimental run ,

k was calculated in this manner from k0~~.

In the experiments with 112 and D2, n - C3F71 was used as the

source material for 1* atoms. The N2 laser was used directly to

photolyze n - C3F71 as this compound absorbs in the ultraviolet. For

the studies employing HTJ, ‘2 was photolyzed by the dye laser at 505.0

nm. The pressure of 12 in the absorption cell was held constant by

immersing a sidearm cold finger containing excess ‘2 crystal in a 
00 C

bath , yielding P1 = 0.03 torr, which was monitored using the capacitance
2

manometer. All data were taken at room temperature.

The data for H2, lID, and D2 are plotted in Figures 2-4. The

second order quenching rate constants at 295° k are suninarized in

W ’_~~~~, -.‘
~~~~-‘~~~“ ~? 
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Table I. The results for 12 and 02 have been reported and discussed

earlier.9’10 Of particular interest here is the striking difference

observed in quenching efficiency between H2, i-ID, and D2. In the work

of Butcher et al.,6 the relative rates k1~ > kH > kD were explained

in terms of resonant B ÷ V + R exchange. Zimmerman and George

carried out rigorous quantum mechanical calculations for collisions

- restricted to collinear configurations to yield transition probabilities

between the spin-orbit States of the atom (2P112 and 2P312) and

vibrational states of the molecule. Their findings predict the same

ordering of quenching efficiencies as Butcher et al. The present

results confirm the earlier findings of these large isotope effects.

The temperature dependence of these quenching rates can be useful in

elucidating the details of the quenching mechanism.5’6 This is

discussed in the following section.

— —.----,-
—

~~~ —,~
-.— . -———-—- — — . - —--- — _

~ - --- 1____ ~~~~ ~~~~~~~~~~~~~~~~- 
- - d -  ~

“ ._ % .V’,’V. ,. .-.* t
~IM~~~~~~~~~~~ i.
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I I I .  Time-Resolved Fluorescence :
Temperature Dependence of the Quenching Rates

A. Experimental

The temperature dependence of the quenching rates for ‘2’ 02 ,
H2, 1-ID, and D2 were investigated from room temperature to approximately

300° C. In order to eliminate the complication of a y factor and its

possible variation with temperature , these studies were carried out

using the time-resolved fluorescence technique. A block diagram of

this experimental setup is shown in Fig. 5. A cylindrical fluorescence

cell was constructed of pyrex and wrapped with heating tape. Three

thermocouples were placed along the cell to provide temperature

measurements . A temperature controller was used to control the current

applied to the heating tape and to thereby maintain the cell at

selectable fixed temperatures. Fluorescence was observed at 90° to

the photolyzing dye laser beani through a double window assembly ,

evacuated to provide thermal insulation. An E~tSb detector was used

in conjunction with an infrared bandpass filter to detect 1.315 ~x

radiation corresponding to the transition

I*(5~ 2P112) -
~ I(5~ 

2P
312) +hv(l 3l5 pni). (14)

The observed fluorescence intensity is directly proportional to

[I*(t)], greatly simplifying the analysis . Therefore , the observed

fluorescence signals were of the form (Eqn. 11)

1f1(t)  = 1(0) exp(-kt) . (15)

- 
-

~~~~~~~
-- ---—-----.- - -V. . . -- - -  -

~~~~~~~~~~~~~~~
- ----.--

~~
--

~~~~~~~~~~~~~
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The A coefficient for this electric-dipole forbidden transition is

very sma1l18 20 and hence this radiation is relatively weak. Signi-

ficantly greater concentrations of excited atoms were required for

acceptable signals in this system as compared to the absorption

sys tem. For this reason , a higher energy flashlamp-pumped dye laser

(Phase-R DL2100C) was used to flash photoly ze molecular 12 to produce

1* atoms . The laser was run untuned with coumarin 102 and produced

300 nsec , 50-150 mJ pulses centered near 480 nni to promote 12 molecules

into the B state continuum and produce 1* atoms by photodissociation.7

The remainder of the system was identical to that shown in Fig. 1. The

response time of the fluore scence detection sys tem was limited by the

InSb detector and was approximately 1 iisec. The use of molecular 12
as the photoly zed material rather than an iodine compound eliminated

the possibility of contributions to the observed decay by any radicals

produced during photolys is. These radicals may have signifi cantly

affected earlier high-power flashlamp photolysis studies.

B. Data Analysis and Results

12

The fi rst experiments were carried out with pure ‘2 in the fluores-

cence cell. In order to confirm our previously reported value of

at room temperature obtained by the atomic absorption tethniqu~,
9

2
a series of runs were carried out at different ‘2 pressures as controlled

by a sidearm coldfinger attached to the fluorescence cell. The data

is plotted in Fig. 6. The value k1 = 3.7 
~ 
0.3 x io~~

’ cm3 molecule~~
sec was obtained, in excellent agreement with our previous result

which also has been confirmed by other workers.2~~
23

V 
- - - —--- -~~~~~~---- - -—- —-- V —  
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In the work of L~akin and Husain who studied the temperature

dependence of k1 employing time-resolved absorption ,~~ a series of
2

runs were also taken at room temperature and a value of kT = 4.1 x
1 1 

L2
an molecule sec was obtained, a very serious discrepancy. In

their experiment, no coldfinger containing excess 12 crystal was directly

connected to the reaction vessel . Rather , helium, used as a buffe r

gas , was circulated through a glass spiral containing ‘2 crystals held

at various slush temperatures and then into the reaction vessel. It

was assumed that the (partial) pressure of 12 was equal everywhere in

the system to its vapor pressure at the slush temperature. The reaction

vessel was then sealed off and an experimental run taken . It is possible

that incomplete mixing resul ted in a pressure of 12 in the reaction

vessel of less than that expected , resul ting in a slower observed decay

and therefore in a much smaller indicated value of k1 . There may
2

also have been an additional drop in 12 pressure once the reaction

vessel was sealed off .  In our own work using the high precision

capacitance manometer , it has been clearly seen that if 12 vapor is

admi tted to a cell without excess crystal in a coldfinger and the

cell is scaled off with a greaseless teflon stepcock , the pressure

invariably falls . This effect is also evident visually as a brown

staining of the te flon. Therefore , in all experiments requiring a

fixed pressure of 12 vapor , it is recommended that a coldfinger with

excess 12 crystal be attached to the cell .

For all of the present temperature dependent studies , a cold-

finge r containing ‘2 crystals attached to the fluorescence cell was

immersed in a 0° C bath. The coldfinger tube diameter was greater
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than ten times the mean free path of 12 molecules and therefore thermal

transpiration effects be tween the coldfinger and the heated section V

of the fluorescence cell were negligible. The degree of the rmal dis-

sociation of 12 vapor was also considered. Several workers24 27 have

studied the dissociation process 12(g) ~ 21(g). The equilibrium

constant for this process , K~ = (P1)
2/P1 (pressure measured in atmospheres),

is related to the change in the free energy by lnK~ = -~F°/RT. Using

the latest thermochemical data for the free energy of 12 (g) and 1(g) ,28

K~ was calculated from this relation yielding values in very good

agreement with the experimental data. At the highest temperature reached

in the present studies , 1’ = 643° K , K = 1 x l0~~ . Thus , for P1 =

2
0.03 torr, P1 = 0.0015 torr , or 5% of P1 . At lower temperatures this

2
percentage drops very rapidly. thder these conditions of negligible

thermal dissociation and the absence of thermal transpiration effects ,

the pressure of 12 is constant at 0 .03 torr eve rywhere in the fluo res-

cence cell. The concentration of 12 molecules in the heated section

of the cell is given by 
~
‘Z~II = 

~
‘1 /kBTII where P1 = 0.03 torr and

2 2
TH is the temperature.

The observed firs t order decay constant is given by k = k1 [12111.2
By dividing k by 

~‘2’I1’ 
k1 was determined over the temperature range

2
T = 295° k to 643° k. The data are conveniently expressed in terms

of the Ar rhenius expression kQ 
= AQ exp(-EQ/ RT) where E

Q 
is the

effective activation energy for quenching by species Q. A plot of

ln k1 versus l/T is shown in Fig. 7. The Arrhenius parameters are
2

suninarized in Table II. The activation energy is positive and k12
increases slightly with temperature. This is in disagreement with the

- V 

- - - ~V~V V -:
~ 

~~~~



-16-

earlier study in which a large negative value for the activation energy

was obtained. In view of the large error in the room temperature rate

of the earlier study, it is quite possible that effects csf incomplete

mixing of ‘2 vapor with the buffer gas perhaps further complicate d by

temperature gradients along the circulating system were responsible

for the previously observed temperature effects. The activation energy

determined in this study is + 0.5 kcal/mole indicating a relatively

small energy barrier. At 643° K , k1 has increased to approximately
2

150 % of its room temperature value .

The deactivation of excited iodine atoms by oxygen molecules

was found by L~rwent and Thrush 29 to proceed predominantly by the near

resonant B -~ E energy trans fe r process

I*(5~ 
21)

1,2 ) + 02(~~g
) -‘- I(5~ 

2P312) + 02 (1Ag) (16)

which is endo thermic by 0.8 kcal/mole. The room temperature rate

11 3 1 110constant of 2.6 x 10 cm molecule sec is extremely large . To

study the temperature dependence of the 02 quenching rate , the

fluorescence cell coldfinger was immersed in a 0° C bath yielding a

pressure of 12 of 0.03 torr. 02 was then admi t ted to the fluorescence

cell , the pressure recorded, and the cell closed off while at room

temperature . The main body 0 the fluorescence cell was then heated

to a selected temperature and after equilibration, a run was taken to

V de tcrniine the fluorescence decay rate. The cell was that heated to
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other temperatures and subsequent runs taken. This procedure was

repeated several times at different temperatures. The cell was then

cooled and evacuated and the procedure was repeated with a fresh fill

of gas .

As described above, the iodine molecule concentration in the

heated section was calculated by the relation ‘121H = P~ /kBTH where
2

P1 
= 0.03 torr. In the case of a uni formly heated cell, the pressure

2
of the added gas (in this case , °2~ 

increases as the temperature is

raised while the concentration remains constant (N) . However , in the

present case, because the coldfinger was not heated (11% of the total

cell volume), as the temperature of the main body of the cell was

raised the added gas concentration decreased slightly in the heated

section and increased in the coldfinger. The concentration in the

heated volume VH at temperature T11 was related to the initial room

temperature concentration N0 by the relation

N0(V~1 + Vc)
T (17)

+ VC

where V~ = coldfinger volume

TC 
= coldfinger temperature.

This correction factor was employed for all of the data analyzed.

The heated cell concentrations were always within 12% of the room

tempera ture fill value even at the highest temperatures employed.

R r  each experimental run , the observe d decay rate was given by

k = k1 ~
‘2~11 

+ k0 [02111 for that particular temperature , T~. Us ing
2 2
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the bes t fit Arrhenius parame ters for k1 found in the pure 122
temperature dependence studies , the value of k1 ~‘2~}I was de termined

2
and subtracted from k. The value of k0 was then calculated,

2
using Equation 17 to give the (corrected) value of ‘021H° The data

are plotted in Fig. 8. The Arrhenius parameters are presented in

Table II . The activation energy found was subs tantially greater than

the value obtained by l~ akin and ILusain11 and indicates a significant 
V

energy barrier for this process.

F!2, HD, D2
The rate of quenching of J* at room temperature was found to differ

significantly among these species , the quenching rate diffe ring

by more than two orde rs of magnitude for HD and D2. It was of parti-

cular interes t to study the temperature dependence of the quenching

by these gases . The experimental procedure was identical to that

followed for the 02 temperature dependence studies. The experimental

data and the best fit Arrhenius parameters are shown in Fig. 9-11

and Table II.

The quenching rate by H 2 increased dramatically to 5 x l0 1.3 cm3

molecule 1 sec~~ at 3000 C. The activation energy of 2 .6 kcal/mole
11is subs tantially higher than the value reported by Ibakin and Husain.

The quenching rate by D2 was found to decrease with temperature but

much more slowly than reporte d in the earlier s tudy. The temperature

dependence of quenching by 1-I D has not been previously reported. The
V rate was found to increase slightly with temperature to app roximately

V 
double the room temperature rate at 300° C.

__- - - - V •  V~-~~~~~~ ~~~~~~~~~~ 
—
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The temperature variation of the quenching of 1* by I~
I2 and D2

has been discussed in terms of resonant B -‘ V + R trans fer processes
6of the form

1* + H2 (v” ,J”) ÷ I + H2 (v’, J’) + 
~~T (18)

where ~ET is the energy tranferred to translation. It was p roposed

that the rate of quenching of 1* was dependent primarily on three

factors . (hannels for which 
~

ET was small should be greatly enhanced.

Also the quenching rate should depend on the average collision

frequency and on the population of the relevant v” , J” states as a

function of temperature . This elemen tary theory predicted a substantial

positive activation energy for the quenching by 112. The present
V 

results support this conclusion . For 1)2, a small negative activation

energy was predicted in quantitative disagreement with the earlier

experimenta l results. The results of the present study do in fact

show a very small negative activation energy for quenching by D2.

Further theoretical work on the H2, HD, D2 system would be beneficial.

In particular , extension of earlier quantum mechanical studies to

include temperature dependence would be of value.

~ 

- -~~~~~~~~~~~-- -~~~~
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Table I

Second order quenching rate constants for the deactivation of

I*(2P112 ) at 295° K as determined by time-resolved atomic absorpti on.

Quenching 3 -l -lMolecule ~~ (cm molecule sec )

This work Literature value Ref.

3.6 ± 0.3 x lO~~
1(a) 3.0 x lO~~~ 17

02 2.5 ± 0. 3 x l0~~
1(b) 2.5 x iO~~ 11

H2 9.8 ± 1.0 x 10 14 1.1 x 6

1-ID 3.1 ± 0.3 x i0 13 3.2 x 10 13 6

02 2.4 ± 0. 3 x lO 1J 1.0 x i0~~ 3

(a) From Reference 9. 
V

(b) From Re ference 10.

________________— V - - - 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
~~~~~~~~~~~~~~~~~~~~~~ • V
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- 
Table II

Arrhenius Parameters (k = A exp (-E/Rr) ) for the Deactivation of
I*(2P112)

Quenching 
3 -l -lMolecule A(cm molecule sec ) B (kcal/mole)

12 8.0 ~ 0.8 x lO~~~ 0.5 ± 0.1

02 1.6 ± 0.5 x l0 10 
0.8 + 0.2

H2 4.6 ± 2 .3 x lO~~2 2.6 ± 0.3

V HD 1.6 ± 0.2 x io 12 
0.9 + 0.1

D2 2.3 ± 0.8 x 10 15 
-0.2 ± 0.2

_ _ _ _  _ _ _ _ _  

V

t

V - 

: - ~~~~~~ 
~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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Figure Captions

Figure 1. Block diagram of the experimental apparatus used in the

time-resolved atomic absorption studies .

Figure 2. Quenching of 1* by H2 at 295° K as determined by time-

resolved atomic absorption.

Figure 3. Quenching of 1* by HD at 295° K as determined by time- V

resolved atomic absorption.

Figure 4. Quenching of 1* by D2 at 295° K as determined by time-

resolved atomic absorption .

Figure 5. Block diagram of the experimental apparatus used in the

time-resolved atomic fluorescence studies.

Figure 6. Quenching of J* by 12 at 295° K as determined by time-

resolved atomic fluorescence.

Figure 7. Quenching of J* by 12 as a function of tempera ture as

determined by time-resolved atomic fluorescence.

Figure 8. Quenching of 1* by 02 as a function of temperature as

determined by time-resolved atomic fluorescence.

Figure 9. Quenching of 1* by 
~~ 

as a function of temperature as

determined by time-resolved atomic fluorescence.

Figure 10. Quenching of 1* by HI) as a function of temperature as

determined by time-resolved atomic fluorescence.

Figure 11. Quenching of 1* by 
~ 

as a func tion of temperature as

V determined by time-resolved atomic fluorescence.
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